Membrane interfaces formed at cell-cell junctions are associated with characteristic patterns of membrane proteins whose organization is critical for intracellular signalling. To isolate the role of membrane protein size in pattern formation, we reconstituted model membrane interfaces in vitro using giant unilamellar vesicles decorated with synthetic binding and non-binding proteins. We show that size di erences between membrane proteins can drastically alter their organization at membrane interfaces, with as little as a ∼5 nm increase in non-binding protein size driving its exclusion from the interface. Combining in vitro measurements with Monte Carlo simulations, we find that non-binding protein exclusion is also influenced by lateral crowding, binding protein a nity, and thermally driven membrane height fluctuations that transiently limit access to the interface. This sensitive and highly e ective means of physically segregating proteins has implications for cell-cell contacts such as T-cell immunological synapses (for example, CD45 exclusion) and epithelial cell junctions (for example, E-cadherin enrichment), as well as for protein sorting at intracellular contact points between membrane-bound organelles.
D
irect physical contact between cells forms membrane interfaces that are important for cell-cell communication.
Examples include formation of multicellular epithelial and endothelial tissues, initiation of cell-cell fusion during muscle formation, and T-cell activation in the immune system [1] [2] [3] . These membrane interfaces are comprised of two closely apposed plasma membranes that are densely packed with binding proteins that form adhesions and non-binding proteins that occupy space in the interface but do not form adhesions. Specific binding proteins, such as E-cadherins, are known to be enriched at membrane interfaces 4 and to hold the membranes together. The membrane separation distances at these junctions are determined, at least in part, by the size of the binding proteins that form the interface and could, in principle, influence which non-binding proteins are permitted at the interface. However, there is no quantitative understanding of the fundamental interplay of protein size and membrane properties on the segregation of binding and nonbinding proteins at membrane interfaces.
Recently, spatial organization of binding and non-binding proteins at membrane interfaces has been found to be critical for function 5, 6 . One well-studied example is the immunological synapse formed during initiation of the adaptive immune response, during which peptide-bound major histocompatibility complexes (pMHCs) on the surface of an antigen-presenting cell interact with T-Cell Receptors (TCRs) on the apposing T-cell membrane [7] [8] [9] . Subsequent activation of the T-cell relies on spatial segregation of proteins that make up a kinase-phosphatase system, wherein the transmembrane phosphatase CD45, which has a large extracellular domain, is excluded from pMHC/TCR clusters [10] [11] [12] [13] , permitting stable TCR phosphorylation and a downstream signalling cascade leading to activation [14] [15] [16] . Multiple mechanisms have been implicated in the organization of proteins at membrane interfaces, including receptor-ligand clustering by diffusion and trapping, lipid raft formation, intracellular protein-protein interactions, protein displacement based on the size of the extracellular domain, and reorganization driven by the underlying cortical cytoskeleton [17] [18] [19] . Modelling of binding proteins at membrane interfaces has revealed that binding affinities, membrane fluctuations, and mixing entropy can produce phase transitions that segregate different binding proteins 20 . In the immunological synapse, it has been suggested that exclusion of the non-binding protein CD45 is driven by a size-dependent mechanism 12, 21, 22 , as CD45 isoforms can have extended conformations that are 15-40 nm larger than the space between apposing membranes imposed by pMHC/TCR binding at the membrane interface 16, 23 . Detailed simulations of membrane interfaces have provided important insight into the organization and affinity of binding proteins [24] [25] [26] , but little is known about how the interplay between binding proteins and non-binding proteins contributes to protein segregation at membrane interfaces.
Here we show that size alone is sufficient to titrate nonbinding protein exclusion from membrane interfaces, absent the underlying dynamics of the actin cortex, receptor-ligand clustering, and complex lipid composition of the plasma membrane. We find that nanometre-scale increases in non-binding protein height beyond that of the binding protein will monotonically increase ( * height estimated from crystal structure) b, Membrane interfaces are formed after the synthetic proteins bind to giant unilamellar vesicles (GUVs) that then come into contact. His-tagged binding proteins and non-binding proteins first attach to DOGS-Ni-NTA containing GUV membranes, and then binding protein dimerization leads to interface formation and protein segregation, which can be monitored fluorescently. c, Membrane interfaces with di erent gap sizes were formed using binding proteins of di erent lengths (BP, 2L-BP, 3L-BP) and quantified using reflection interference contrast microscopy (RICM) at an interface formed between a supported lipid bilayer (SLB) and a GUV. d, Representative RICM images at the interface between GUV and SLB for interfaces formed with BP, 2L-BP and 3L-BP. Image contrast and refractive index di erences were used to extract the axial distance between the two membranes. Interface distance increased monotonically with the addition of spacer modules, forming interfaces of 6.2 ± 3 nm (BP), 10.3 ± 5.0 nm (2L-BP) or 13.1 ± 8.1 nm (3L-BP). Error bars are standard deviation across N = 10 vesicles. e, Representative confocal fluorescence images of GUVs (composition: 97.2% DOPC, 2.5% DOGS-Ni-NTA, 0.3% Atto 390-DOPE) incubated with 100 nM BP and 100 nM 2L-NBP in solution for 10 min. Scale bar is 5 µm long (blue channel: Atto 390-DOPE, green channel: BP, red channel: NBP). Linescans through vesicles dimers allow for quantification of fluorescence intensity at outside vesicle membranes (V 1 and V 2 ) and interface (I). We calculate an 'Enrichment index' (EI) by taking the ratio between (I) and the sum of (V 1 and V 2 ). f, Plot of the EI revealing uniform distribution of the fluorescently labelled lipid (EI = 1), enrichment of BP (EI > 1) and exclusion of 2L-NBP (EI < 1) at the interface. Error bars are standard errors of the mean from three independent experiments on separate vesicle batches, each with ∼50 vesicles quantified.
non-binding protein exclusion. We also show that lateral crowding of binding proteins at the membrane interface can exclude nonbinding proteins regardless of their height within an interface. As lateral crowding depends on surface area coverage of the binding protein, this demonstrates a direct connection between lateral footprint and binding affinity of one protein species and exclusion of another. We use Monte Carlo simulations to generalize and extend these results to show that changes in binding protein affinity modulate the exclusion of non-binding proteins due to lateral crowding and to reveal that changes in membrane bending rigidity have only a modest effect on protein segregation. The experiments and simulations presented here provide a framework for predicting the size-dependent organization of both binding and non-binding proteins at membrane interfaces-patterns that can either directly contribute to functional cell-cell interactions or must be modified by active processes in the cell for productive signalling.
In vitro membrane interface system
To experimentally isolate the role of protein size on segregation, we developed a simplified membrane interface system using giant unilamellar vesicles (GUVs) decorated with synthetic binding and non-binding proteins (Fig. 1a,b) . We chose green fluorescent protein (GFP)uv, an anti-parallel homodimer, as a homophilic binding protein (BP) because its binding affinity (Kd = 20-100 µM; refs 27, 28) is in the range of TCR/pMHC interactions (Kd = 0.1-500 µM; ref. 29 , and references therein). As GFPuv is not spherical (∼4.5 nm height, ∼4 nm width, ∼4 nm × 4 nm) cross-sectional area; PDB: 1GFL), we refer to protein size in two distinct ways: height above the membrane and lateral footprint on the membrane. We used mCherry, which has nearly identical dimensions to GFPuv, as the modular building block for a set of non-binding proteins of different heights above the membrane but constant lateral footprints (see Methods): single-length (NBP), double-length (2L-NBP), and triple-length (3L-NBP). We similarly constructed a set of binding proteins of increasing height above the membrane using dark mCherry as the modular spacer (see Methods): singlelength (BP), double-length (2L-BP), and triple-length (3L-BP). All binding and non-binding proteins had a single fluorescent molecule (either mCherry or GFPuv) and used non-fluorescent mCherry for additional length.
The binding proteins and non-binding proteins were expressed and purified with an N-terminal deca-His tag, enabling fluid protein attachment to Ni-chelating lipids (DOGS-Ni-NTA) on the synthetic GUV membranes. GUVs were prepared with typical protein densities on the vesicle surface of ∼2,300 molecules µm as measured by fluorescence correlation spectroscopy (FCS) (see Methods and Supplementary Fig. 1 ). For proteins with crosssectional areas of 4 nm × 4 nm, this corresponds to a protein surface area coverage of approximately 3.7%, which is lower than the total membrane protein coverage on cellular membranes (∼20,000 to 130,000 molecules µm −2 ; refs 30,31). GUVs containing only binding proteins showed protein enrichment at the interface, whereas GUVs containing only non-binding proteins showed no interface formation, as expected ( Supplementary Fig. 2 ).
We used reflection interference contrast microscopy (RICM) between a GUV and a supported lipid bilayer 32 to determine the average distance between membranes at interfaces formed by the synthetic binding proteins ( Fig. 1c ; see Methods). Singlelength binding protein BP on both membranes formed membrane interfaces separated by 6.2 ± 3.0 nm, consistent with size estimates from crystal structures of GFP-dimers (PDB: 1GFL; ref. 33) . Double-and triple-length binding proteins (2L-BP and 3L-BP) on both membranes formed membrane interfaces separated by 10.3 ± 5.0 nm for 2L-BP and 13.1 ± 8.1 nm for 3L-BP (Fig. 1d) . As expected for thermally driven proteins that may tilt at the membrane interface, the measured RICM distance is somewhat shorter than the estimated extended structure. The size of the non-binding proteins could not be directly measured with this approach because of the lack of a second interface needed for RICM.
To quantify the relative proportion of proteins at membrane interfaces containing both binding and non-binding proteins, we measured fluorescence intensity along a line bisecting the GUV-GUV pair and calculated an 'Enrichment Index' (EI)-the intensity ratio between the interface (I ) and the sum of the individual vesicle intensities (V 1 + V 2 ) (Fig. 1e) . EI values greater than 1 indicate an enrichment of molecules (increased surface density, #/µm 2 ) at the membrane interface, whereas EI values that are less than 1 indicate an exclusion of molecules (decreased surface density) at the membrane interface (Fig. 1f ). An EI of 1 is expected for a fluorescent molecule that is distributed homogeneously across each vesicle's surface.
E ect of protein height on segregation
We began quantifying size-dependent segregation by separately incorporating the three non-binding proteins of different heights (NBP, 1L-NBP, 2L-NBP) with the single-length (shortest) binding protein (Fig. 2a) . Pairs of GUVs containing both binding proteins and non-binding proteins showed significant protein reorganization at the membrane interface (Fig. 1c) , with the binding protein BP significantly enriched (EI = 3.54 ± 1.25), leading to an estimated binding protein density of ∼8,200 molecules µm −2 at the interface, or 13.2% membrane area coverage (see Methods). In contrast, we found that all non-binding proteins were excluded, although to varying extent (Fig. 2b) . Single-length non-binding protein (NBP) was partially excluded (EI = 0.52 ± 0.17), whereas doublelength non-binding protein (2L-BP) was significantly excluded (EI = 0.14 ± 0.11). Triple-length non-binding protein (3L-BP) was similarly excluded (EI = 0.13 ± 0.13), suggesting that protein exclusion has reached a limit. To control for any changes in membrane morphology at the interface, we included a fluorescently labelled lipid (Atto 390-DOPE) and confirmed that it was neither enriched nor excluded (EI = 0.97 ± 0.41) (Fig. 2b) .
A single mCherry is approximately 4.5 nm (PDB: 2H5Q) in height, so the 2L-NBP and 3L-NBP are expected to be ∼9.0 nm and ∼13.5 nm, respectively, in their extended configuration. As the measured distance of the membrane interface created by the single-length binding protein (BP) is only 6.2 ± 3 nm, the membrane interface must bend to accommodate the 2L-NBP and 3L-NBP. To test whether membrane bending is associated with exclusion of long non-binding proteins from the membrane interface, we captured multichannel fluorescence and RICM images of membrane interfaces formed between SLBs and GUVs. When single-length binding protein (BP) interfaces were formed in the presence of triple-length non-binding proteins (3L-NBP), small clusters of the tall non-binding proteins were observed that excluded the short binding protein (Fig. 3a) . RICM imaging of the membrane interface revealed regions of increased membrane separation that were colocalized with 3L-NBP clusters (yellow arrows in Fig. 3a lower panel), which coarsened over time to minimize total bending across the membrane interface (Fig. 3b) . This behaviour is consistent with an elastic model that attributes exclusion to the minimization of membrane bending energy 34 . If long non-binding proteins are excluded from membrane interfaces as a result of membrane bending, proteins shorter than the interface distance should not be excluded. However, the singlelength non-binding protein (NBP), which is shorter (∼4.5 nm) than the measured single-length binding protein (BP) membrane interface distance (6.2 ± 3 nm), was still partially excluded (EI = 0.52 ± 0.17) (Fig. 2a,b) . Using a combination of fluorescence microscopy and RICM, we again looked for localized membrane deformation in interfaces formed with BP and NBP, but found only uniform fluorescence and no clusters or RICM contrast changes indicating deformation (Fig. 3c) , suggesting that exclusion of a non-binding protein shorter than the interface cannot be explained by a simple elastic membrane model of protein segregation. Instead, we hypothesized that lateral protein crowding may be involved (Fig. 3d ).
E ect of protein crowding on segregation
To test whether lateral protein crowding at the interface contributes to exclusion of non-binding proteins from the membrane interface, we lowered the concentration of the binding protein (BP) in solution from 100 nM to 25 nM, resulting in a proportional decrease in protein density at the interface from 11,585 µm −2 (or 18.5% coverage) at 100 nM to 1,930 molecules µm −2 (or 3% coverage) at If the exclusion transition width is defined as the width along the protein-membrane gap axis between 10% and 90% of maximum inclusion, the change in transition width is less than 1 nm for a factor of five increase in bending rigidity, suggesting that size-dependent segregation is only modestly a ected by bending rigidity. Supplementary Fig. 4 ). This reduced binding protein density resulted in a decrease in single-length non-binding protein (NBP) exclusion (Fig. 4a , EI = 0.52 ± 0.1, 0.62 ± 0.1, 0.68 ± 0.08, and 0.8 ± 0.9 at 100 nM, 75 nM, 50 nM, and 25 nM, respectively), indicating that lateral space taken up by the binding protein due to its footprint on the membrane, as well as its tilt and flexibility, reduces the space available for non-binding proteins. Proteins in the interface have been suggested to experience reduced entropy due to alignment and a reduction in tilt states 35 , which could additionally influence the crowding-induced NBP exclusion.
nM (
Because lateral space at membrane interfaces is taken up not only by binding proteins but also by non-binding proteins on opposite membranes when the gap is small (Fig. 4b) , we next investigated whether steric exclusion across membranes contributes to non-binding protein exclusion. To test for this, we increased the height of the binding protein to the double-length binding protein (2L-BP, gap = 10.3 ± 5.0 nm) while continuing to use the single-length non-binding protein (NBP) on the two membranes. We found that NBP was no longer excluded from the interface (EI = 1.05 ± 0.23) (quantification in Fig. 4c and confocal images in Supplementary Fig. 5 ), consistent with reduced crowding from the single-length non-binding protein on opposite membranes. Interestingly, we found that enrichment of the double-length binding protein (2L-BP) in the membrane interface (EI = 1.28 ± 0.28) was significantly less than that of the single-length binding protein (BP) (EI = 3.55 ± 1.7) (Supplementary Figs 4 and 5) , probably because two-dimensional affinity decreases with protein length 21, 35 , indicating that reduced crowding of the 2L-BP (from ∼11,000 to ∼3,000 molecules µm −2 at the interface, Supplementary Table) could also contribute to the lack of NBP exclusion.
To directly test whether steric interference of non-binding proteins from opposite membranes contribute to exclusion, we held the double-length binding protein (2L-BP) constant and doubled the length of the non-binding protein to 2L-NBP (∼9 nm), which is shorter than the measured membrane gap but tall enough to interact with non-binding proteins on the opposite membrane. Indeed, we found that the double-length non-binding protein (2L-NBP) was excluded to a small but statistically significant amount (EI = 0.89 ± 0.33), consistent with limited interaction between nonbinding proteins in the opposite membrane (Fig. 4c) . Increasing the length of the non-binding protein by ∼4.5 nm to the triple-length non-binding protein increased the exclusion (EI = 0.65 ± 0.36) (Fig. 4c) .
Overall, our experimental data show that a combination of changes in protein height and lateral crowding can titrate exclusion of non-binding proteins from membrane interfaces with only small changes in protein size. This can be seen more explicitly by replotting the data as a function of the difference between nonbinding protein length and measured membrane gap size (set by the binding protein), which we refer to as protein-membrane gap (Fig. 4d , where zero corresponds to a non-binding protein size equal to the membrane gap). To test in detail size-based mechanisms of protein exclusion and investigate the role of membrane properties, we turned to Monte Carlo simulations.
Monte Carlo simulations of size-dependent segregation
Monte Carlo models of membranes have been productively used to capture both membrane dynamics and spatial organization of adhesion proteins 20, 36 . To explore the interplay between protein height, membrane gap, and lateral crowding at the interface, we developed a simulation of binding and non-binding protein segregation at membrane interfaces that includes as parameters the properties identified as important in our experimental work (non-binding protein height, binding protein height, protein lateral footprint, and protein density) and those that were not easily accessible experimentally (membrane physical properties, binding protein affinity). To that end, we constructed a Monte Carlo simulation of a deformable, fluid membrane interface in which a fluctuating triangulated mesh represents each of the two membrane surfaces that form the interface, and nodes of the mesh can be occupied by diffusing proteins of defined height and binding potentials 37, 38 (Fig. 5a , details in Methods). We seeded the membranes with a binding protein that defines a membrane gap size of 10 nm, comparable to the double-length binding protein (2L-BP) interface, together with non-binding proteins of heights between 1 nm (protein-membrane gap = 9 nm) and 20 nm (protein-membrane gap = −10 nm).
Using parameters based on our experimental system, we found that non-binding protein exclusion varies sigmoidally as a function of the protein-membrane gap (Fig. 5b) , consistent with our experimental observations (Fig. 4d) . The simulations predict that proteins more than 2 nm taller than the membrane gap are fully excluded (EI = 0) from the interface, whereas proteins more than 2 nm shorter than the membrane gap are included to a level below full mixing (EI = 1) owing to crowding, comparable to the effect of a ∼4.5 nm change in protein height seen experimentally. Decreasing the binding protein density at the membrane interface by reducing its binding potential decreases the level of exclusion of non-binding proteins in the simulation (Fig. 5c , quantification in Fig. 5d ), which is also consistent with our experiments (Fig. 4c and Supplementary  Fig. 4 ). Increases in membrane bending rigidity from 20kT to 100kT in the simulation sharpened the transition between maximum exclusion and maximum inclusion of non-binding proteins (Fig. 5e , quantification in Fig. 5f ), although the effect was not pronounced enough to be resolved in our experiments ( Supplementary Fig. 4 ). These results indicate that thermal fluctuations both make room for proteins taller than the membrane gap and exclude proteins shorter than the membrane gap, to a degree that is reduced with increasing bending rigidity. Interestingly, the small magnitude of membrane thermal fluctuations at even low membrane bending rigidities suggests that passive thermal fluctuations at crowded membrane interfaces may not be sufficient to bring a second species of short binding proteins into contact during cell-cell signalling, such as engagement of the peptide MHC-TCR (∼13 nm) within a membrane interface formed by the comparatively longer LFA-ICAM adhesion (∼40 nm; ref.
2).
Size-dependent protein segregation in biology
Our experiments and simulations show that protein size is a simple, sensitive, and highly effective means of altering local protein concentrations at membrane interfaces. Nanometre-scale changes in the height of non-binding proteins can drastically change their densities at membrane interfaces, whereas high surface area coverage of binding proteins, which is dependent on both protein lateral footprint and binding affinity, can exclude non-binding proteins even when membrane gap size is not limiting. Our data and simulations show that increasing non-binding protein height has a large effect when it is comparable to membrane gap size (for example, NBP to 2L-NBP in a BP interface) and a small effect when the protein height already exceeds the membrane gap size (for example, 2L-NBP to 3L-NBP in a BP interface).
Given our finding that an only ∼5 nm increase in non-binding protein size is necessary for significant protein exclusion, the large length difference between CD45 isoforms (28 to 53 nm; ref. 23 ) and the membrane interface gap size defined by TCRpMHC binding (∼13 nm; ref. 16 ) is surprising and may not be necessary for exclusion. However, the active cytoskeletal processes that are involved in T-cell membrane reorganization and receptor engagement probably create a highly dynamic membrane interface with a variable protein-membrane gap size, for which extra non-binding protein length is needed to ensure exclusion. Tcell receptors are at low abundance on a T-cell prior to cellcell junction formation (100 molecules per µm 2 ), but signalling occurs in micrometre-scale TCR micro-clusters that are highly enriched in TCRs and other membrane proteins, suggesting that lateral crowding may also be relevant for CD45 exclusion in the immunological synapse. More broadly, we believe that size-dependent protein segregation may be a general organizing mechanism at membrane interfaces. In fact, the considerable size diversity of membrane proteins may have evolved to influence cellcell signalling. It is notable that many proteins on the extracellular surface of cells of multicellular eukaryotes, including CD45, contain several fibronectin type III (fn-3) or Immunoglobulin (Ig) domains. Through these modular building blocks, extracellular proteins are extended in height above the membrane from 5 nm to greater than 50 nm (refs 39,40) . Interestingly, these domains have a size of ∼4 nm, which in our experiments is the size difference needed to lead to complete exclusion from the interface. Therefore, adding or removing a single Ig domain may be sufficient to completely re-localize a protein from a membrane interface in the absence of active processes, a potentially powerful evolutionary tool.
We expect that the basic principles of protein segregation at membrane interfaces reported here are at work not only at cellcell adhesions but also at intracellular membrane contact sites [41] [42] [43] , where size-dependent enrichment and exclusion of proteins at interfaces can drive key steps in molecular sorting and signalling.
Methods
Methods and any associated references are available in the online version of the paper.
Estimates of protein density and membrane coverage. To estimate the density of molecules on the membrane for each BP species, we used the FCS measurements of protein density for GFPuv (BP, in molecules µm −2 ) along with the fluorescence intensity (in arbitrary units) from confocal images of GUVs to compute a scaling factor between arbitrary fluorescence units and molecular density (AU to molecules µm −2 ). The fluorescence emission from each (BP, 2L-BP, 3L-BP) molecule is expected to be equivalent because each species contains a single fluorescent GFPuv module. This scaling factor is used to compute molecular density for both 2L-BP and 3L-BP. The molecular density at the interface for BP, 2L-BP and 3L-BP is estimated by multiplying the density on the vesicle with the enrichment index of the binding protein. The area of membrane covered by protein is estimated using a footprint of 4 nm × 4 nm for both binding proteins and non-binding proteins. Fig. 4b . To compute the protein-membrane gap, we used estimates of non-binding protein height based on crystal structure (NBP = 5 nm, 2L-NBP = 10 nm and 3L-NBP = 15 nm) and equivalent estimates of interface distance imposed by BPs (BP dimer = 5.0 nm, 2L-BP dimer = 15.0 nm and 3L-dimer 25.0 nm). These values are in the range of interface distance measured by RICM. The protein-membrane gap is the difference between the interface distance imposed by BPs and the size of the NBP. Monte Carlo simulation model. We are simulating two adjacent quasi-flat periodic membrane interfaces employing a Metropolis Monte Carlo (MC) method based on a dynamically triangulated surface model for fluctuating fluid membranes. The bending energy of the membrane is calculated using a discretized version of the Laplacian on the triangulated lattice at constant bending rigidity 48 . During the initialization procedure, the area (that is, number of vertices in the triangulation) of a single bare membrane patch is equilibrated using a grand canonical MC move. Afterwards, a vertically translated copy of the resulting membrane patch is created and the number of membrane vertices is kept constant throughout the simulation. Initially, the two membrane surfaces are placed at a relative height that corresponds to the linker rest length l of the bound BP complex in simulation, and all membrane vertices are populated by BP and linked pairwise. An additional MC move attempts to (un-)bind pairs of BP across the two lattices incorporating a constant binding energy 4.5kT and a harmonic linker potential of given rest length l = 10 nm and spring constant 20kT nm −2 between the two. The density of unbound BP and NBP is equilibrated using a grand canonical MC move that inserts and subtracts these particle species within the membrane lattice at a constant chemical potential that corresponds to a protein-membrane lattice coverage of 0.1 within the implicit reservoir outside the bound membrane interface. After equilibration, fluctuating protein densities of BP (bound and unbound) and NBP are monitored. The linear length of the projected quadratic membrane area is 200 nm, whereas the maximum length of the purely entropic membrane-internal linkers is 9.5 nm. Membrane vertices interact with themselves and other protein species on apposing membranes via steric interactions. The hard-sphere node diameter is constant at d mem = 5 nm for the bare membrane and at BP = 10 nm for vertices occupied by BP. The NBP diameter is varied in the range 5 nm ≤ dNBP ≤ 20 nm. The corresponding gap size for plotting NBP exclusion curves is calculated as the average distance between membranes in simulation.
Generation of protein-membrane gap curve in

